We have combined Hipparcos proper motion and parallax data for nearby stars with ground-based radial velocity measurements to find stars which may have passed (or will pass) close enough to the Sun to perturb the Oort cloud.
INTRODUCTION
The solar system is surrounded by a vast cloud of about 10'2-1013 comets with orbits extending to interstellar distances, talled the Oort cloud, and with a total estimated mass of some tens of Earth masses (Oort 1950 , for a recent review see Weissman 1996a) .
The boundary of stable cometary orbits, that is the outer dimensions of the Oort cloud, is a prolate spheroid with the long axis oriented toward the galactic nucleus, and with maximum semi-major axes of about lo5 AU for direct orbits of comets oriented along the galactic radius vector, about 8x104 AU for orbits perpendicular to the radius vector, and about 1 . 2~1 0~ AU for retrograde orbits (those opposite to the direction of galactic rotation) (Smoluchowski & Torbett 1984 , Antonov & Latyshev 1972 . These cometary orbits are perturbed by random passing stars, by giant molecular clouds and by the galactic gravitational field. In particular, close or penetrating passages of stars through the Oort cloud can deflect large numbers of comets into the inner planetary region (Hills 198l) , initiating Earth-crossing cometary showers and possible collisions with the Earth.
Sufficiently large impacts or multiple impacts closely spaced in time could cause biological extinction events. Some terrestial impact craters and stratigraphic records of impact and extinction events suggest that such showers may have occurred in the past. Dynamical models (e.g., Hut el al. 1987 , ' Fernandez & Ip 1987) show that a cometary shower has a typical duration of about 2-3 million years.
Evidence of the dynamical influence of close stellar passages on the Oort cloud could come from the distribution of cometary aphelion directions. Although the distribution of long-period (lo6 to lo7 years) comet aphelia is largely isotropic on the sky, some non-random clusters of orbits exist and it has been suggested that these groupings record the tracks of recent stellar passages close to the solar system (Biermann et al. 1983 ).
However, Weissman (1993) showed that it would be difficult to detect a cometary shower in the orbital element distributions of the comets, except for the inverse semi-major axis ( l / a o ) energy distribution, and that there is currently no evidence of a cometary shower in this distribution.
Some work has been done in the past to search for stellar perturbers of the cometary cloud. Mullari & Orlov (1996) used ground-based telescopic data to predict close encounters with the Sun by stars contained in the Preliminary Version of the Third Catalogue of Nearby Stars (Gliese &-Jahreiss 1991) . They found that three stars may have had, and 22 may have encounters with the Sun w.ithin 2 parsecs, with predictions being valid over about f l million years from the present epoch. Matthews (1994) made a similar study, which was limited to stars in the solar neighborhood within a radius of about 5 PC, and he listed close approach distances for six stars in the near future, within 5 x lo4 years.
However, the accuracy of most ground-based parallax and proper motion measurements is limited to several milliarcseconds or milliarcseconds per year, respectively. This measurement accuracy imposes a severe limitation on the accuracy of predictions on past or future close stellar passages.
Using data from the Hipparcos satellite, we have searched for nearby stars which have passed or will pass close to the Sun, in order to identify those passages which could cause a significant perturbation on the orbits of comets in the Oort cloud. We have selected a sample of stars and also measured radial velocities for a fraction of these stars, most of them with no previous measurements. The Hipparcos mission provided very accurate parallax and proper motion measurements with a median precision of less than 1 milliarcsecond and 1 milliarcsecond per year, respectively. The basic astrometric data in the Hipparcos Catalogue (ESA 199'7) include positions, trigonometric parallaxes, proper motions, their dandard errors and correlation coefficients for about 120,000 stars. The Hipparcos proper motions are quasi-inert'ial to within f0.25 milliarcsecond per year, as the link between the Hipparcos Reference Frame and the ICRS (International Celestial Reference System) implies.
In this paper we study which stars in oui sample could have a close passage by assuming a simple linear motion model and we also estimate the frequency of stellar encounters with the solar system. Close stellar passages mainly perturb comets near their aphelions, causing changes in the perihelion distance and inclination of the orbits of long-period comets. For those passages which most likely could affect the cometary orbits, we have modeled the perturbations through dynamical simulations. In future papers we will report the individual radial velocities we have measured, with a discussion of the orbital solutions for non-single stars, and we will study the stellar passages using a larger sample, including integration of their orbits in the galactic potential. deflection due to such encounters (assuming a local stellar density of 0.1 P C -~) is less than 1 arc minute. This deflection at. 100 parsecs would change the impact parameter by less than 0.03 parsec. We also estimated the differential acceleration of the Sun and the nearby star in the galactic potential. Assuming an axially symmetric and stationary galactic potential field, the force laws parallel and perpendicular to the galactic plane can be used to estimate this differential acceleration in the solar neighborhood. Assuming IAU galactic parameters (Kerr & Lynden-Bell 1986) , the change in the Sun-star encounter distance induced by the potential field from that given by a rectilinear motion, at a time equal to the time of closest approach T , is 6R E 1.4 x 10-4pc ( ( 2dR; " ) and in the galactic plane and perpendicular directions, respectively, where dR is the difference between the current galactocentric dist.ance of the Sun and that of the star in the galactic midplane, d~~ is the difference at time T , d~ is the difference between the current vertical distance of the Sun and the star from the midplane, and dZc the difference at time T . An upper limit to the change in encounter distance for time T is given by btOtd = J b i + 6;.
OBSERVATIONAL DATA AND ANALYSIS
This change can be neglected for most of our sample stars, although for a few stars could be important, as we will point out later.
Radial velocities
In most cases the uncertainty in the closest approach distance is dominated either by uncertainties in the published radial velocity measurements or by uncertainties in the barycentric motion of binary systems. For the stars in our sample that are part of multiple star systems, orbital motion could contribute to the measured values of both proper motion and radial velocity, and our estimates of the uncertainty in miss distances may have to be increased. For some of these binary or multiple systems the systemic radial velocity is reported in the literature, whereas for some other systems it is not clear whether it is the systemic radial velocity or the radial velocity of one component that is reported. Other stars show long-term changes'in their radial velocities which could imply that they belong to long-period binary or multiple systems with unidentified companions.
Also, for a few stars the radial velocity uncertainty is not reported in the literature, or the authors only report the probable error for the combined list of observed stars in which the one of interest is included. In these cases it is difficult to derive an accurate error estimate for the calculated closest approach distance and time.
We also measured new radial velocities for some of the stars, mostly those with no previously published values. For these observations we used the Center for Astrophysics (CfA) Digital Speedometers (Latham 1985 (Latham , 1992 , primarily on the 1. The radial velocities were derived using cross-correlation techniques following the general approach outlined in Nordstrom et al. (1994) . The templates were drawn from an extensive grid of synthetic spectra calculate$ by Jon Morse using Kurucz (1992a,b) is approaching the solar system, but 725 B is receding. This is an extreme example of the importance of including the effect of orbital motion in a binary.
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RESULTS
The stars we found with 'a closest approach distance within 5 PC of the Sun are listed in Table 2 in order of increasing miss distance. These predicted passages are concentrated in a time interval of about f 1 0 Myr, with most occurring within f 4 Myr. Some passages have a large uncertainty, mainly because of a large error in the measured parallax or proper motion; the miss distance and encounter time reported for these passages should be considered with caution. Some stars in the Table are reported with a miss distance which might need to be revised according to the upper limit error estimate Stotd discussed above.
In the list of 154 stars reported in the gives N = 12.4 Myr-l. Earlier estimates by Weissman (1980) and Fernandez and Ip (1991) found values for N of 5.1 and 7 Myr-I, respectively, assuming somewhat different input values.
A logarithmic plot of the cumulative number of predicted stellar encounters from our
Hipparcos data between the Sun and passing stars within 5 PC is shown in Figure 2 . This data is for 88 stellar systems in our sample with measured radial velocities and encounter times within f l Myr. The dashed line in the figure is a least squares fit to the data which has a slope of 2.02 f 0. EDITOR: PLACE FIGURE 2 HERE.
Past and Future Close Approaches
From However, kinematic data do not allow a bound orbit for Proxima to be unambiguously determined. The value of -15.7 f 3.3 km s-' for the radial velocity of Proxima (Thackeray 1967) raises some questions about the bound hypothesis (see Matthews & Gilmore 1993 and Anosova, et al. 1994 In the study carried out by Mullari & .Orlov (1996) , several close encounters with the Sun are predicted using data from the Preliminary Version of the Third Catalogue of Nearby Stars (Gliese & Jahreiss 1991) . For this calculation they consider both straight line motion of the stars with respect to the Sun and also the motion of the stars in the galactic potential model of Kutuzov & Ossipkov (1989) . They find a good agreement between the results from both methods. In general, the values of Mullari & Orlov for the stars contained in our sample are in agreement with our results, though there are some differences as well.
In particular, GL 473, which was not observed by Hipparcos because it is too faint (visual magnitude 12.5, Landolt 1992), is predicted to have a future closest approach of 60 X lo3 AU in 7,500 years. However, the radial velocity of -553.7 km s-' listed in the catalogue for this star is likely much too high, so the predicted miss distance should actually be much larger.
GL 473, a very low mass binary system (see, e.g., Schultz et al. 1998) , is reported to have radial velocities of -5.0 km s-' (Wilson 1953) , +19.0 km s-' (Reid et al. 1994 ) and +6.7 km s-l (Reid et al. 1995 There is some evidence that GL 710 may be a binary, but that evidence is far from conclusive. On the astrometric side, residuals in the proper-motion measurements suggested a possible periodicity of 1700 days (Osvalds' 1957) . A slight indication of a period of this order was also found by Grossenbacher et al. (1968) , although they did not consider it to be of great significance. However, a speckle measurement of this star did not detect any companion with Am 5 3 and angular separation in the range 0.05"-1" (Blazit et al. 1987 ).
Furthermore, the Hipparcos astrometric data do not show any evidence of a non-linear
proper motion during an observation period of 3.4 years (Kovalevsky 1996 This would require that the orbital motion of GL 710 just happened to cancel out the space motion of the system at the time of the Hipparcos mission. However, the proper motion was also measured to be very small by Vyssotsky (1946) , and therefore the orbital and space motion would also have cancelled 50 years ago. This is not consistent with supposing that the system was in a significantly different phase of its orbit, as would be required to explain the radial-velocity difference.
Another way to increase the velocity amplitude would be to invoke a shorter period, but this would also be hard to reconcile with the observations. Therefore, we have chosen to assume that GL 710 is not a binary, and we have adopted the mean of the recent CfA values, -13.9 f 0.2, for its radial velocity. However, we must caution that the possible binary nature of GL 710 has not been fully ruled out, and additional monitoring of the radial velocity and/or astrometric positions over the coming years or even decades is cleary desireable for settling this issue.
Adopting a mean radial velocity of -13.9 km s-l from the 5 recent CfA measurements, we obtain a miss distance and an encounter time of 0.342 PC and 1.36 Myr, respectively. We ha,ve also integrated the galactic orbits of GL 710 and the Sun. The integrated orbits predict a closest approach distance and encounter time of 0.336 PC and 1.36 Myr, respectively, in excellent agreement with those we found with our linear motion approximation.
The Hipparcos proper motion measurement for GL 710 could be improved by VLBI astrometric observations if the star were a sufficiently strong radio emitter (at least 1 mJy).
Since GL 710 has been designated as a late-type dwarf star it might be a detectable radio source. We observed GL 710 at 8.4 GHz with the VLA3 on 21 January 1997 to determine its flux density as a precursor to possible VLBI observations. No radio emission was detected from GL 710 with a conservative upper limit of 0.2 mJy.
DYNAMICAL EFFECT ON THE OORT CLOUD
The dynamical effect of stellar passages on the Oort cloud depends not only on their proximity but also on the mass of the star and how long each encounter lasts. The relative influence of these stars on the cometary orbits can be estimated from the differential attraction exerted on the Sun and a comet in the cloud, which results in a net change of the velocity of the comet relative to the Sun. The velocity perturbation, AV, on an Oort cloud comet or on the Sun due to a single stellar passage is approximately equal to 2GM,V,-lD-l, where G is the gravitational constant, M, is the mass of the star, V, its total velocity relative to the Sun and D the miss distance (Oort 1950) . The velocity impulse is directed at the star's point of closest approach. The relative magnitude of the differential velocity perturbation between the comet and the Sun can be estimated by multiplying AV by a term r/D, where r is the distance between the comet and the Sun.
In addition, the cumulative effect of close passages of several stars not necessarily 3The National Radio Astronomy Observatory is a facility of the National Science
Foundattion operated under cooperative agreement by Associa.ted Universities, Inc.
-20 -belonging to the same multiple system but closely spaced in time may also play a role.
Stochastic encounters with stars sufficiently massive and closely spaced in time should result in a somewhat larger effect than considering them separately. However, to be significant, such encounters would need to be spaced. at intervals less than or equal to the time for a typical star to transit the Oort cloud. For instance, if we take a star's path length of lo5 AU through the outer Oort cloud (miss distance of about 86,000 AU), and a typical stellar encounter velocity of 40 km s-l, then the star passages would need to be spaced within -12,000 years to have'a cumulative effect. Several temporal groups of encounters are present in our data. However, the uncertainties in the close approach times are typically larger than the Oort cloud transit time estimated above, and thus we can not reliably say that any of these groups are real. In addition, since the effects of these random encounters will add stochastically, we see no evidence for temporal groups whose cumulative effect would be more significant than the individual closest single star passages which we have predicted.
The relative magnitudes of the strongest predicted stellar perturbations on the Oort cloud, as derived from the above considerations, are listed in Table 4 and shown in Figure 6 for the seven major perturbers. The magnitudes are given in arbitrary units and represent a first-order measure of the gravitational influence of one close stellar passage relative to the others. This identifies the stars most likely to perturb the Oort cloud. However, the actual perturbation on the cometary orbits can only be estimated through dynamical simulations.
EDITOR: PLACE EDITOR: PLACE FIGURE 6 HERE.
We conducted dynamical simulations of stars passing close to the Oort cloud, in order to further evaluate the possible perturbative effects of our predicted closest stellar encounters. We used the dynamical model of Weissman (1996b) which uses the impulse approximation to estimate the velocity impulses on the Sun and on hypothetical comets, and thus the changes in the drbits of comets in a modeled Oort cloud. The simulations confirmed the relative expected magnitude of the perturbations shown in Table 4 .
Based on simulations containing lo7 and 10' hypothetical comets, we find that the maxium effect occurs, as expected, for the encounters with S A 0 128711 and GL 710. Each of these stars results in a minor shower with -4xlO" of the Oort cloud population being thrown into Earth-crossing orbits. Assuming an estimated Oort cloud population of 6x1Ol2 comets (Weissman 1996a) , this predicts a total excess flux of about 2 . 4~1 0~ comets in each shower.
However, because the arrival times of the comets are spread over about 2 x lo6 years, the net increase in the Earth-crossing cometary flux is only about 1 new comet per year.
This can be compared with the estimated steady-state flux of -2 dynamically new (;.e., comets entering the planetary' system directly from the Oort cloud) long-period comets per year (Weissman 1996a.) . Thus, the net increase in the cometary flux is about 50%. Since long-period comets likely account, for only about 10% of the steady-state impactor flux at the Earth (Weissman 1997) , the net increase in the cratering rate is about 5%. This increase is likely not detectable given the stochastic nature of comet and asteroid impacts.
CONCLUSIONS
The study of the possible,perturbation of the Oort cloud by passing stars has important implications for our understanding of the solar system. The identification of potential perturbers is thus necessary not only to estimate the recent past cometary flux caused byclose stellar encounters and its possible correlation with the observed impact rate on Earth, but also to predict future passages and estimate their perturbative effect.
In this paper we have studied the close passages of stars using Hipparcos data. Radial velocity measurements from the literature plus others from our observations have been used to estimate the heliocentric velocities of these stars and to calculate these passages.
From our data set we derive a rate of close stellar passages of 4.2 stellar systems per Myr passing within 1 PC, which we consider a lower limit since there is evidence for observational incompleteness in our sample.
We have identified several stars whose close passage could cause a significant perturbation of the Oort cloud. In order to investigate the effect of such passages on the cometary orbits, we have carried out dynamical simulations. This is the first time that such simulations have been performed for actual stellar passages. In general, the effect of these passages depends not only on the miss distance, but also on the total mass of the star system and on its relative velocity. Therefore, a suitable combination of mass and velocity could result in a larger perturbation for more distant passages than for closer ones.
For the future passa.ge of GL 710 of less than 0.5 PC, the star with the most plausible closest approach in our sample, we predict that about 2 . 4~1 0~ new comets will be thrown -23 -into Earth-crossing orbits over a period of about 2 x lo6 years. Many of these comets will return repeatedly to the planetary system, though about half will be ejected on the first passage. These comets represent an approximately 50% increase in the flux of long-period comets crossing the Earth's orbit.
From our estimated miss distances we conclude that no substantial enhancement of In order to complete our study, we are continuing to carry out an observational program to measure radial velocities for those stars in our initial sample of 1,208 stars with no previously published values. This will allow us to identify possible binary or multiple star systems. These measurements, together with analysis of the full data of the Hipparcos and Tycho Catalogues (ESA 1997), will likely increase the number of stars having close passages.
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